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Introduction {#sec1}
============

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is a rare inherited disease associated with progressive fibrofatty myocardial replacement predisposing to reentrant ventricular tachycardia (VT). Because of the high rate of VT recurrence despite pharmacological therapy and the improved procedural success rate thanks to the development of techniques and the combined endo-epicardial approach, catheter ablation takes an increasingly important place in the management of ventricular arrhythmia in ARVC/D. We will present the different aspects of how we approach VT ablation in patients with ARVC/D through 2 different clinical cases.

Case report 1 {#sec2}
=============

A 21-year-old athlete with ARVC/D was admitted to our institution for VT recurrence. He was implanted with a subcutaneous implantable cardioverter-defibrillator (S-ICD) 3 weeks earlier because of an episode of syncope with fast palpitations during exercise and documented spontaneous VT with left bundle branch block morphology and inferior axis during electrocardiographic monitoring ([Figure 1](#fig1){ref-type="fig"}). He had family history of ARVC/D with 2 affected uncles. Genetic testing was negative in the family for desmosomal gene mutations. Cardiac magnetic resonance imaging showed only mildly dilated right and left ventricles compatible with history of competitive sport (cycling). Shortly after S-ICD implantation, the patient experienced appropriate shocks because of VT recurrence despite beta-blocker therapy (nadolol 80 mg) and flecainide (200 mg).[@bib1] A combined endo-epicardial radiofrequency catheter ablation under general anesthesia was decided. The electroanatomic voltage mapping showed no endocardial substrate, whereas large areas of epicardial right ventricular (RV) scar with local abnormal ventricular activity (LAVA) and late potentials were observed ([Figure 2](#fig2){ref-type="fig"}). Programmed ventricular stimulation easily triggered the clinical VT. Activation mapping showed an epicardial VT circuit, dependent of a critical isthmus in the anterior epicardial RV outflow tract ([Figure 2](#fig2){ref-type="fig"} and [Supplemental Movie 1](#appsec1){ref-type="sec"}). We targeted the zone of the critical isthmus identified by activation mapping and all zones of endocardial and epicardial late potentials/LAVAs (40 W until loss of local capture). After 5 months follow-up, the patient was fine and no sustained VT reoccurred.Figure 1Twelve-lead electrocardiogram of the clinical ventricular tachycardia.Figure 2Endocardial and epicardial bipolar voltage map during sinus rhythm. No scar area was observed within the endocardium, contrasting with large scar areas within the right ventricular (RV) epicardium. The clinical ventricular tachycardia (VT) was induced and mapped, showing an epicardial circuit with a critical isthmus located at the anterior RV outflow tract. VT was successfully ablated at this site.

Discussion {#sec3}
==========

Few data are available on pharmacological antiarrhythmic therapy in ARVC/D. In the first publication by Wichter and colleagues,[@bib2] sotalol (320--480 mg/day) demonstrated a large benefit over other antiarrhythmic drugs to prevent VT.[@bib2] However, data from the North American ARVC/D registry did not support these results and concluded that only amiodarone therapy was associated with reduction of VT burden.[@bib3] Unpublished data from our group with 130 patients treated with flecainide therapy in association with beta-blockers showed a significant reduction of ventricular arrhythmia burden with good tolerance. In the present case, VT reoccurred under this association and amiodarone may be more effective. However, the chronic use of amiodarone is associated with high risk of complications and would therefore be avoided in this young patient.

ICD is indicated in secondary prevention in ARVC/D patients. However, there is some evidence that patients with well-tolerated monomorphic VT can be managed by ablation only.[@bib4] In our center, we propose this strategy only in patients with no other risk factors for sudden death, especially in absence of severe RV dysfunction, left ventricular (LV) involvement, or syncope ([Figure 3](#fig3){ref-type="fig"}). In these cases, it is important to make sure that ablation is complete and successful. Patients should be maintained on beta-blocker therapy and close follow-up should be done. S-ICD is a promising therapy in young patients at high risk of transvenous ICD-related complications[@bib5]^,^[@bib6] and was proposed to this patient to that end. However, the use of S-ICD in ARVC/D patients remains debatable as monomorphic VT, accessible to antitachycardia pacing (ATP) therapy, is much more frequent than polymorphic VT or ventricular fibrillation. Data from the North American registry that analyzed ICD therapy in 104 ARVC/D patients showed that 97% of ventricular arrhythmia were monomorphic VT that were successfully terminated by ATP in 91%.[@bib7] In addition, there are some concerns about undersensing issues, mostly owing to the frequent microvoltage observed in these patients. However, transvenous ICDs are associated with considerable morbidity related to device damage and inappropriate therapies in ARVC/D patients, up to 4.4% and 3.7% per year, respectively.[@bib5] In this setting, catheter ablation is a preferable option to lower the VT burden and avoid appropriate shocks. Catheter ablation is the treatment of choice for recurrent VT despite antiarrhythmic therapy in ARVC/D patients, with a class IIa recommendation for this indication in the international task force consensus statement on ARVC/D management.[@bib8] Catheter ablation has been shown to decrease ICD therapy burden and to allow a good VT control without need for amiodarone therapy in most ARVC/D patients.[@bib9]^,^[@bib10] Recent data showed that bilateral cardiac sympathetic denervation was effective in 5 of 8 ARVC/D patients with refractory VT despite catheter ablation as a last-resort therapy.[@bib11] Because of limited data on this technique in ARVC/D and procedure-related complications, bilateral cardiac sympathetic denervation should be considered for refractory VTs only after failure of catheter ablation.Figure 3Our workflow for ventricular tachycardia management and catheter ablation in arrhythmogenic right ventricular cardiomyopathy/dysplasia.

If catheter ablation is the treatment of choice for drug-refractory VT in ARVC/D, ablation can be challenging. Endocardial-only ablation is associated with a high rate of VT recurrence in ARVC/D.[@bib12] Fibro-fatty replacement leads to areas of slow conduction and constitutes the main substrate for reentrant VT in ARVC/D. It usually progresses from the epicardium to the endocardium during the evolution of the disease.[@bib13]^,^[@bib14] Polin and colleagues[@bib15] described the utility of unipolar endocardial mapping to identify epicardial scar. Using the value of 5.5 mV as a cut-off value, unipolar mapping identified low bipolar epicardial signal (0.5--1 mV)[@bib15] ([Figure 4](#fig4){ref-type="fig"}). From what is known from the natural history of the disease, VT substrate is likely to be mainly epicardial at early stages, especially in young patients with no RV dysfunction. The usual electrocardiographic criteria to predict epicardial origin of VT are not reliable in ARVC/D, as they have been developed for LV VTs.[@bib16] Philips and colleagues evaluated the endocardial scar surface at 5.5 cm^2^ vs 46.8 cm^2^ at the epicardial side.[@bib17] Several recent studies have demonstrated the superiority of combined endo-epicardial access to improve success rates of the procedure in ARVC/D.[@bib18] Combined endo-epicardial access at first step is now the routine approach in our daily practice. This strategy is supported by the 2015 expert consensus statement that proposed "*a combined endocardial/epicardial VT ablation approach as an initial ablation strategy, provided that the operator and electrophysiologic laboratory are experienced performing epicardial VT ablation in patients with ARVC/D*" (class IIa recommendation).[@bib8] Our procedure workflow is detailed in [Figure 3](#fig3){ref-type="fig"}. Because of concerns on the risk of right ventricle puncture during epicardial access (4.5%--17%),[@bib19] we usually begin the procedure with the epicardial puncture and mapping. This allows potential bleeding to stop before heparin infusion, which is needed for endocardial catheter placement. We use an anterior approach to prevent liver puncture, in particular in this population at risk of RV failure and liver enlargement. Preprocedural imaging for ARVC/D ablation is very useful and mandatory when available, allowing localizing scar tissue before the procedure and to merge the RV morphology with electroanatomical mapping to ensure that the whole RV is mapped. This is particularly important for some areas difficult to reach through endocardial access, such as the RV free wall and the apex. It also allows localizing coronary arteries before epicardial ablation.Figure 4Example of 23-year-old man carrying a *PKP2* mutation with exercise-induced ventricular tachycardia from right ventricular outflow tract. The endocardial bipolar voltage map (0.5--1.5 mV) during sinus rhythm showed no significant area of scar, contrary to the unipolar voltage map (3.5--5.5 mV), which predicted areas of scar observed in the epicardium.

When facilities for epicardial ablation are not available, endocardial-only ablation may be an alternative option. Komatsu and colleagues[@bib20] demonstrated the ability to eliminate endocardial and epicardial LAVA potential with endocardial-only ablation, as shown in these examples ([Figure 5](#fig5){ref-type="fig"} and [Supplemental Movie 2](#appsec1){ref-type="sec"}). However, this approach abolished epicardial LAVA in only 40% of ARVC/D patients. Endocardial-only ablation could, however, be effective and safe in patients with acute hemodynamic decompensation (AHD) or with very advanced disease, where endocardial substrate may be more important.Figure 5Example of an ablation of epicardial local electrogram by endocardial ablation. The endocardial ablation led to the modification of the local epicardial electrogram recorded by the multielectrode catheter placed in front of the ablation catheter. Ventricular tachycardia was stopped from endocardium at this site.

General anesthesia is a debatable strategy for VT ablation because of concerns about the risk of AHD during the procedure and the risk of VT noninducibility. However, epicardial access is painful and endo-epicardial catheter ablations are usually long procedures. In the study by Santangeli and colleagues,[@bib21] general anesthesia was associated with a higher risk of AHD during VT catheter ablation. However, in our experience, VTs are usually well tolerated under general anesthesia in ARVC/D patients if LV ejection fraction is preserved, even in case of RV dysfunction. Data from Nof and colleagues[@bib22] suggested that general anesthesia did not promote noninducibility of VT. For these reasons, general anesthesia remains, in our opinion, the best option for these procedures, especially in young patients.

Clinical VT must be aimed at as the primary target. Clinical VT induction and activation mapping allows determining the critical isthmus of the tachycardia. As an alternative, if the VT is noninducible or nontolerated, the critical isthmus can be determined by pace mapping[@bib23] ([Figure 6](#fig6){ref-type="fig"}). However, the arrhythmogenic VT substrate is often complex and extended; thus clinical VT-only ablation can be insufficient to achieve good long-term results. The ablation of all inducible VTs should be the rule. This is a classical endpoint for VT ablation. In our experience, the mean number of morphologies induced in ARVC/D patients is 2.3 (ranging from 1 to 8). In the recent study from Santangeli and colleagues,[@bib4] the procedural endpoint was noninducibility of any sustained VT from at least 2 RV sites. This approach was associated with low VT recurrence. In patients with nonischemic cardiomyopathy, noninducibility at the end of the procedure was associated with lower VT recurrence and mortality.[@bib24]Figure 6Pace mapping to identify and validate clinical ventricular tachycardia (VT) isthmus. Example of an epicardial VT ablation with the Precision system (Abbott, St. Paul, MN) and HD Grid multipolar catheter in an arrhythmogenic right ventricular cardiomyopathy/dysplasia patient. This is a very nice example of bad to good pace map transition within the critical isthmus, which was identified by activation mapping, from 32% correlation from the channel entrance to a quasi-perfect 99% correlation from the channel exit.

Substrate modification is an alternative to activation/entrainment mapping and has been associated with good procedural success in different cardiomyopathies.[@bib25] Several strategies had been described to overcome the noninducibility or the poor hemodynamic tolerance of clinical VT; most were elaborated from ischemic cardiomyopathy.[@bib26] Scar dechanneling, which aims to ablate conduction channel entrances, was the only substrate modification strategy investigated specifically in ARVC/D and has been shown to be effective with good long-term outcomes.[@bib14] Dechanneling endo-epicardially allows dealing with complex substrate. It is our routine practice to perform at the first step epicardial and endocardial voltage maps with annotation of all pathologic signals (LAVAs, late potentials, voltage channels) ([Figure 7](#fig7){ref-type="fig"} and [Supplemental Movie 3](#appsec1){ref-type="sec"}). As the second step, we aim to induce and map the VT with activation/entrainment mapping or using pace mapping for poorly tolerated VTs. In the third step, we complete ablation with substrate modification aiming to ablate all abnormal signals, especially late potentials. For entrainment and substrate mapping, we always use a multipolar mapping catheter to achieve high-density multielectrode mapping, which has been shown to be superior to conventional point-by-point mapping. Multielectrode mapping is particularly useful in ARVC/D with such a complex substrate and enables to create faster activation mapping during ongoing VT. We always use an irrigated catheter. The classical setting is 35--40 W and effective lesions are validated by local loss of capture and/or drop in impedance of 10 ohms and/or disappearance of the local potential. Contact force catheter may be an additional value aiming at 9*g* epicardially and 8*g* endocardially.[@bib27] Epicardial fat, the hallmark of ARVC/D, may protect the surviving myocardial fibers from radiofrequency lesion. To ensure effective lesions, we usually use high power (35--40 W) for epicardial ablation and add endocardial applications in front ("sandwich-like" ablation).Figure 7Examples of late potentials recorded within the critical isthmus of the ventricular tachycardia in 2 different arrhythmogenic right ventricular cardiomyopathy/dysplasia patients. **Top:** Recording with HD grid multipolar catheter (Abbott, St. Paul, MN). **Bottom:** Recording with PentaRay multipolar catheter (Biosense Webster, Irvine, CA).

Case report 2 {#sec4}
=============

A 36-year-old patient with ARVC/D diagnosed since 2008 was admitted in 2018 for electrical storm in the setting of amiodarone-induced hyperthyroidism. He had been implanted with a transvenous ICD in 2012 because of advanced disease with biventricular dysfunction. He experienced several ATP therapies (about 50) for well-tolerated monomorphic sustained VT ([Figure 8](#fig8){ref-type="fig"}). He displayed severe biventricular dysfunction with LV ejection fraction at 35% and RV ejection fraction at 18%. He was first managed medically with bisoprolol titrated to 10 mg/day and, after endocrinologist approval, reintroduction of amiodarone. As VT reoccurred despite pharmacologic therapy, plasmapheresis was decided to lower circulating thyroid hormone levels. Despite normalized T3 level, the patient experienced several episodes of VT.Figure 8Twelve-lead electrocardiogram of the clinical monomorphic ventricular tachycardia.

Because of concerns about the hemodynamic tolerance of epicardial ablation under general anesthesia (the PAAINESD score of this patient would be 15 if general anesthesia were used for ablation), we chose to perform endocardial-only ablation under sedation to avoid AHD. The clinical monomorphic VT was easily induced and mapped with good tolerance. The VT reentrant circuit was located in the endocardium with a critical isthmus within the RV free wall ([Figure 9](#fig9){ref-type="fig"}). VT was successfully ablated at this site with no further recurrence.Figure 9Activation and endocardial bipolar voltage mapping from an arrhythmogenic right ventricular cardiomyopathy/dysplasia patient with electrical storm. Ventricular tachycardia circuit was dependent of a critical isthmus located in the endocardial right ventricular free wall. Voltage mapping by modifying the voltage scale (left and middle) allowed identifying the low voltage channel between 2 areas of dense scar.

The patient underwent thyroidectomy after control of VT and normalization of thyroid hormone levels with no complication. After 10 months follow-up, no sustained VT reoccurred. The patient is currently listed for heart transplantation because of persistent symptomatic right heart failure.

Discussion {#sec5}
==========

Electrical storm is associated with a high morbidity and mortality, especially in patients with LV dysfunction. Patients with unstable VT or repetitive ventricular fibrillation may benefit from mechanical hemodynamic support. The PAAINESD score, based on baseline patient characteristics, has been proposed to predict acute decompensation during VT ablation procedures and patients who may benefit from prophylactic mechanical support.[@bib28] The French national consensus expert statement recommends that ablation of complex arrhythmia such as epicardial VT or in the setting of electrical storm should be performed in an expert center with cardiac surgery and emergency hemodynamic support implantation facilities.[@bib29] Catheter ablation is the treatment of choice for refractory VT in the setting of electrical storms. Recent data from our group showed good efficacy of urgent VT ablation in ARVC/D patients experiencing electrical storms.[@bib30] In frail patients, as in this case, we choose to perform endocardial-only ablation under sedation to avoid AHD.

If we fail to ablate the VT isthmus endocardially, we first try to use half-saline dilution for catheter cooling. The next step would be to perform under conscious sedation epicardial puncture, as there is strong evidence that epicardial puncture can be performed safely after heparin reversal or continuous anticoagulation in expert centers.[@bib31]

Neuromodulation techniques demonstrate a growing interest for VT control in the setting of electrical storm since the first encouraging report by Nademanee and colleagues.[@bib32] As stated above, there are some recent encouraging data in ARVC/D.[@bib11] Surgical sympathectomy using thoracoscopy is the gold standard but is sometimes difficult in frail patients, as in this case. Echocardiography-guided percutaneous sympathectomy is a useful alternative for patients with hemodynamic instability.[@bib33] In the present case, sympathectomy would definitely be considered as an option in case of ablation failure.

Appendix. Supplementary data {#appsec1}
============================

Supplemental Movie 1Activation map showing an epicardial circuit with a critical isthmus located at the anterior right ventricular outflow tract. Clinical ventricular tachycardia was successfully ablated at this site.Supplemental Movie 2Example of an ablation of epicardial local electrogram by endocardial ablation in an arrhythmogenic right ventricular cardiomyopathy/dysplasiapatient carrying a *PKP2* mutation. In this other case, the endocardial ablation led to the disappearance of the local epicardial late potentials recorded by the Pentaray multipolar catheter (Biosense) placed in front of the endocardial ablation catheter.Supplemental Movie 3Example of late potentials recorded in an arrhythmogenic right ventricular cardiomyopathy/dysplasia patient carrying a *PKP2* mutation. This movie shows the epicardial activation map during sinus rhythm showing an area of very late potentials recorded with Pentaray multipolar catheter (Biosense). Ventricular tachycardia was ablated successfully at this site.
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